a b s t r a c t Objective: Sensory and sympathetic nerve fibers (SNF) innervate bone and epiphyseal growth plate. The role 29 of neuronal signals for proper endochondral ossification during skeletal growth is mostly unknown. Here, we 30 investigated the impact of the absence of sensory neurotransmitter substance P (SP) and the removal of SNF 31 on callus differentiation, a model for endochondral ossification in adult animals, and on bone formation. 32 Methods: In order to generate callus, tibia fractures were set in the left hind leg of wild type (WT), tachykinin 33 1-deficient (Tac1−/−) mice (no SP) and animals without SNF. Locomotion was tested in healthy animals and 34 touch sensibility was determined early after fracture. Callus tissue was prepared for immunofluorescence stain-35 ing for SP, neurokinin1-receptor (NK1R), tyrosine-hydroxylase (TH) and adrenergic receptors α1, α2 and β2. At 36 the fracture site, osteoclasts were stained for TRAP, osteoblasts were stained for RUNX2, and histomorphometric 37 analysis of callus tissue composition was performed. Primary murine bone marrow derived macrophages 38 (BMM), osteoclasts, and osteoblasts were tested for differentiation, activity, proliferation and apoptosis 39 in vitro. Femoral fractures were set in the left hind leg of all the three groups for mechanical testing and μCT-40 analysis.
Absence of substance P and the sympathetic nervous system impact on Objective: Sensory and sympathetic nerve fibers (SNF) innervate bone and epiphyseal growth plate. The role 29 of neuronal signals for proper endochondral ossification during skeletal growth is mostly unknown. Here, we 30 investigated the impact of the absence of sensory neurotransmitter substance P (SP) and the removal of SNF 31 on callus differentiation, a model for endochondral ossification in adult animals, and on bone formation. 32 Methods: In order to generate callus, tibia fractures were set in the left hind leg of wild type (WT), tachykinin 33 1-deficient (Tac1−/−) mice (no SP) and animals without SNF. Locomotion was tested in healthy animals and 34 touch sensibility was determined early after fracture. Callus tissue was prepared for immunofluorescence stain-35 ing for SP, neurokinin1-receptor (NK1R), tyrosine-hydroxylase (TH) and adrenergic receptors α1, α2 and β2. At 36 the fracture site, osteoclasts were stained for TRAP, osteoblasts were stained for RUNX2, and histomorphometric 37 analysis of callus tissue composition was performed. Primary murine bone marrow derived macrophages 38 (BMM), osteoclasts, and osteoblasts were tested for differentiation, activity, proliferation and apoptosis 39 in vitro. Femoral fractures were set in the left hind leg of all the three groups for mechanical testing and μCT-40 analysis.
41 Results: Callus cells stained positive for SP, NK1R, α1d-and α2b adrenoceptors and remained β2-adrenoceptor 42 and TH-negative. Absence of SP and SNF did not change the general locomotion but reduces touch sensitivity 43 after fracture. In mice without SNF, we detected more mesenchymal callus tissue and less cartilaginous tissue 44 5 days after fracture. At day 13 past fracture, we observed a decrease of the area covered by hypertrophic 45 chondrocytes in Tac1−/− mice and mice without SNF, a lower number of osteoblasts in Tac1−/− mice and 46 an increase of osteoclasts in mineralized callus tissue in mice without SNF. Apoptosis rate and activity of BMM, 47 osteoclasts and osteoblasts isolated from Tac1−/− and sympathectomized mice were partly altered in vitro.
48 Mechanical testing of fractured-and contralateral legs 21 days after fracture, revealed an overall reduced 49 mechanical bone quality in Tac1−/− mice and mice without SNF. μCT-analysis revealed clear structural alter-50 ation in contralateral and fractured legs proximal of the fracture site with respect to trabecular parameters, 51 bone mass and connectivity density. Notably, structural parameters are altered in fractured legs when related 52 to unfractured legs in WT but not in mice without SP and SNF.
53 Conclusion: The absence of SP and SNF reduces pain sensitivity and mechanical stability of the bone in general.
54 The micro-architecture of the bone is profoundly impaired in the absence of intact SNF with a less drastic effect 55 in SP-deficient mice. Both sympathetic and sensory neurotransmitters are indispensable for proper callus 56 differentiation. Importantly, the absence of SP reduces bone formation rate whereas the absence of SNF induces 57 bone resorption rate. Notably, fracture chondrocytes produce SP and its receptor NK1 and are positive for 58 α-adrenoceptors indicating an endogenous callus signaling loop. We propose that sensory and sympathetic The process of callus differentiation during fracture healing is 68 believed to reinitiate molecular pathways at the fracture site that take 69 place during embryonic skeletal development and closely resemble 70 endochondral ossification (Einhorn, 1998 (Fig. 1A) .
159
At day 5 after fracture, when chondrogenic differentiation starts, a sub- were still detectable 13 days after fracture ( Fig. 1B; white arrowheads) .
We were unable to locate TH-positive cells within the callus. We ob- (Fig. 1C) . We did not detect α1d-positive cells 188 in cartilaginous and calcified callus tissue (Fig. 1C) Morphometrical examination of different callus tissue types (Fig. 2C) 
197
at day 5 ( Fig. 2A) , day 9 (data not shown) and day 13 (Fig. 2B) after into osteoclasts is not altered compared to WT (Fig. 3B) 
277
In fractured femora of Tac1−/− and sympathectomized mice, resis-278 tance to torsional failure load was significantly reduced when compared 
to WT (Fig. 4D ). Fractured femora of Tac1−/− mice have a significantly 280 higher angle of failure than fractured femora of WT mice. There was no 281 difference between fractured femora of sympathectomized to Tac1−/− 282 mice and WT (Fig. 4E) . We found no significant differences in the 283 mechanical stiffness of fractured femora between the three groups 284 (Fig. 4F) .
285
In addition, we related the mechanical properties of fractured 
299
Besides the callus volume of interest (VOI) a proximal site to fracture 300 callus was defined (Fig. 6F ) and for this VOI the trabecular parameters 301 were calculated, compared between groups, and compared between 302 the fractured and non-fractured site.
303
In proximal sites of fractured legs, sympathectomized mice had a 304 lower trabecular number compared to Tac1 −/− and WT (Fig. 5A ), 305 while trabecular separation is higher than in Tac1−/− mice (Fig. 5C ).
306
Both trabecular parameters were altered by trend in Tac1 −/− mice. WT (Fig. 5D , E) whereas these parameters were increased in
311
Tac1 −/− mice compared to WT (Fig. 5D ) and to sympathectomized 312 mice (Fig. 5E ).
313
Notably, for the contralateral proximal femur, both the sympathec- connectivity and bone mass compared to WT (Fig. 5I, J) .
320
We compared the structural parameters of VOIs proximal to fracture 321 site with the corresponding proximal VOIs in contralateral, unfractured 322 legs (100% line) within each mouse group (Fig. 6A-E) . In the WT control 323 mice, trabecular number (Fig. 6A ), trabecular thickness (Fig. 6B) , con-324 nectivity (Fig. 6D ) and bone mass (Fig. 6E) were significantly reduced
325
in VOIs proximal to fracture site compared to contralateral non- 
fractured femur while trabecular separation (Fig. 6C) We measured touch sensitivity of non-fractured right legs to inves-334 tigate whether pain sensation was altered in Tac1−/− and sympathec-335 tomized mice before fracturing. We were unable to detect significant 336 differences of healthy right legs in control, Tac1−/− and sympathecto-337 mized mice before (day 0) and on days 5 and 8 after fracturing (Fig. 7A) .
338
At 5 days after fracture, Tac1 −/− mice had a higher pressure 339 threshold in fractured legs compared to WT and sympathectomized 340 mice. There was no difference regarding touch sensitivity in fractured 341 legs between sympathectomized and WT animals at this time point.
342
At 8 days after fracture, sympathectomized mice had a higher pressure 343 threshold in fractured legs than WT and Tac1−/− mice (Fig. 7B) . 
Discussion

355
In this study, we analyzed the impact of the absence of SP, a major creased sensory uptake of nerve growth factor (NGF) normally required 
by SNF for maintenance and survival followed by osteoclast induction.
448
Capsaicin, a sensory specific neurolytic compound, eliminates this 449 in vivo osteoclast-inductive effects of 6-OHDA when applied 12 h be-
450
fore treatment (Sherman and Chole, 1995 Tac1-deficient mice leads to inferior bone parameters due to a priori Absence of SP signaling via NK1R induces apoptosis but has no influence on number and resorption activity of osteoclasts thereby leading to a reduced bone resorption rate. It also induces osteoblast apoptosis and reduces activity resulting in a net decrease in bone formation rate during skeletal growth when SP is absent (left panel). (B) Absence of sympathetic nerve fibers (SNF): 6-OHDA treatment selectively destroys catecholaminergic nerve fibers and strongly reduces catecholaminergic neurotransmitter concentrations. Low concentrations of catecholaminergic neurotransmitters norepinephrine/epinephrine (NE/E) act via α-adrenergic receptors on osteoblasts increasing RANKL expression and release, and on osteoclast progenitor cells inducing upregulation of osteoclastogenesis-related genes and subsequently increasing osteoclast differentiation rate. In addition, sensory NGF uptake might lead to increased SP release and concomitantly augments osteoclast activation via the NK1R. Together, these mechanisms lead to increased osteoclast differentiation and activation and a net increase in short time bone resorption while bone formation presumably remains unchanged 
reduced netto bone formation rate which is not balanced by in parallel 496 reduced osteoclastogenesis and thus reduced bone resorption (Fig. 8,   497 left panel).
498
We observed an increased touch sensitivity of Tac1-deficient 
529
As all in all structural bone parameters of fractured femora after 530 sympathectomy were not only altered compared to WT but also to Fractures were set in 8-10 weeks old male mice which was in agree- Mice were anesthetized by intraperitoneal (ip) injections of 90-120 585 mg ketamine (Ketamine 10%, Garbsen, Germany) and 6-8 mg xylazine
586
(Xylazine 2% Bernburg, Bernburg, Germany) per kg bodyweight.
587
For mechanical testing and μCT-analysis, the left femora were sub- Capellino, S., Cosentino, M., Wolff, C., Schmidt, M., Grifka, J., Straub, R.H., 2010.
859
Catecholamine-producing cells in the synovial tissue during arthritis: modulation of 860 sympathetic neurotransmitters as new therapeutic target. Ann. Rheum. Dis. 69,
